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PRIORITY 

This application is a continuation-in-part of U.S. Patent Application No. 
10/360,987 entitled Micromachined Gyroscope, which was filed on February 6, 
2003 in the name of John A. Geen and is hereby incorporated herein by reference 
in its entirety. 

FIELD OF THE INVENTION 



The present invention relates generally to micromachined gyroscopes, and 
15 more particularly to micromachined gyroscopes that use Coriolis acceleration to 
detect rotational movement. 



BACKGROUND 

20 

Gyroscopes are used to measure the rate at which objects rotate. The 
information provided by gyroscopes can be used in many applications. For 
example, the information provided by gyroscopes can be used to trigger 
automobile airbags during rollover, improve the accuracy and reliability of 
25 GPS/navigation systems, and stabilize moving platforms such as automobiles, 
airplanes, robots, antennas, and industrial equipment. 



A surface micromachined gyroscope typically includes various planar 
structures suspended with anchors and flexures over and parallel to an 
30 underlying substrate. Vibratory structures are typically dithered substantially 
along a dither axis in a plane parallel to the substrate and perpendicular to a 
sensitive axis that can be in the plane of the body or perpendicular to the planar 
structures and to the substrate. As is generally known, rotation of the gyroscope 
about the sensitive axis causes the planar structures move along a Coriolis axis, 
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which is mutually orthogonal to the dither axis and the sensitive axis. This 
motion can be sensed to derive a signal that indicates the angular velocity of the 
rotation. 

5 

SUMMARY OF THE INVENTION 

In accordance with one aspect of the invention, a micromachined 
apparatus (such as a micromachined gyroscope) includes a frame having a 

10 substantially rectangular perimeter, a plurality of elongated stress relief 

members arranged substantially in a rectangular pattern outside of the frame 
perimeter, and a plurality of box suspensions coupling the corners of the frame 
to the plurality of stress relief members. Each stress relief member has at least 
one substrate anchor substantially at its intersection with a line through the 

15 midpoints of a pair of opposite frame sides. Each box suspension includes a 
substantially rectangular array of box flexures, where the box flexures at a first 
corner of the array are coupled to the frame, the box flexures at a second comer 
opposite the first corner are coupled respectively to the ends of a pair of stress 
relief members but not to one another. The box suspension also includes a 

20 diagonal brace coupled between third and fourth corners of the array. The box 
flexures at the second corner are also coupled respectively at a pivot point to a 
plurality of support flexures. The plurality of support flexures have a substrate 
anchor substantially at an intersection with a line through the first and second 
corners, 

25 

In a typical embodiment, the frame has a substantially square perimeter 
and the plurality of elongated stress relief members are arranged substantially in 
a square pattern outside of the frame perimeter. Also in a typical embodiment, 
the rectangular array is substantially square. However, the rectangular array 
30 need not be square, although typically the ratios of the sides of the rectangular 
array are substantially the same as those of the rectangular perimeter and 
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rectangular pattern such that a straight line from the intersection point of the 
lines through the midpoints of each pair of opposite frame sides through its 
corner also passes through diagonally opposite corners of the rectangular array. 

5 The plurality of stress relief members typically consist of four stress relief 

members, each extending substantially between two pivot points, although there 
can be more than four members (e.g., by splitting each in half and anchoring each 
near the center line. The stress relief members may be anchored using multiple 
anchors or a single elongated anchor. The box flexures are typically designed to 

10 align substantially with a rectilinear grid for etching the box flexures. Preferably, 
the diagonal brace substantially restricts motion of the frame other than rotation 
of the frame about the intersection point of the lines through the midpoints of 
each pair of opposite frame sides. The frame typically includes finger structures 
that extend outward toward the stress relief members, and there are typically 

15 also a plurality of sensing fingers positioned between the frame fingers within 
the space between the frame and the stress relief members. In a typical 
embodiment, the frame, stress relief members, and box suspensions are 
micromachined from a common piece of material. 

20 In accordance with another aspect of the invention, an apparatus includes 

a substantially rectangular array of box flexures, where the box flexures at a first 
corner of the array are coupled to the frame, the box flexures at a second corner 
opposite the first corner are coupled respectively to the ends of a pair of stress 
relief members but not to one another. The box suspension also includes a 

25 diagonal brace coupled between third and fourth corners of the array. The box 
flexures at the second corner are also coupled respectively at a pivot point to a 
plurality of support flexures. The plurality of support flexures have a substrate 
anchor substantially at an intersection with a line through the first and second 
corners. 

30 
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In a typical embodiment, the rectangular array is substantially square. 
The box flexures are typically, designed to align substantially with a rectilinear 
grid for etching the box flexures. Preferably, the diagonal brace substantially 
restricts motion of the frame other than rotation of the frame about the 
5 intersection point of the lines through the midpoints of each pair of opposite 
frame sides. 

In accordance with another embodiment of the invention, a method for 
reducing stresses in a micromachined apparatus involves forming a plurality of 

10 micromachined structures from a common material. The micromachined 

structures include a frame suspended from a plurality of stress relief members by 
a plurality of box suspensions. Each box suspension includes a substantially 
rectangular array of box flexures, where the box flexures at a first corner of the 
array are coupled to the frame, and the box flexures at a second corner opposite 

15 the first corner are coupled respectively to the ends of a pair of stress relief 
members but not to one another. The box suspension also includes a diagonal 
brace coupled between third and fourth corners of the array. The box flexures at 
the second corner are coupled respectively about a pivot point to a plurality of 
support flexures. The method also involves anchoring each of the plurality of 

20 stress relief members to a substrate substantially at an intersection of the stress 
relief member with a line through the centers of opposite sides of the frame. The 
method also involves anchoring the support flexures of each of the plurality of 
box suspensions to the substrate using a single anchor substantially at an 
intersection with a line through opposite corners of the frame. 

25 

In a typical embodiment, the rectangular array is substantially square. 
The box flexures are typically designed to align substantially with a rectilinear 
grid for etching the box flexures. Preferably, the diagonal brace substantially 
restricts motion of the frame other than rotation of the frame about the 
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intersection point of the lines through the midpoints of each pair of opposite 
frame sides. 

In accordance with another aspect of the invention, a micromachined 
apparatus includes a substrate, a frame supporting a number of resonating 
structures, suspension means for suspending the frame over and parallel to the 
substrate so as to substantially restrict movement of the frame relative to the 
substrate to only rotational movement about an axis normal to the substrate, and 
means for reducing stresses in the suspension means. 

BRIEF DESCRIPTION OF THE DRAWINGS 

In the accompanying drawings: 

FIG. 1 shows an exemplary micromachined gyroscope structure in 
accordance with an embodiment of the present invention; 

FIG. 2 identifies various components of the micromachined gyroscope 
structure in accordance with an embodiment of the present invention; 

FIG. 3 shows a highlighted view of the frame of the micromachined 
gyroscope structure in accordance with an embodiment of the present invention; 

FIG. 4 shows a highlighted view of a movable mass of the micromachined 
gyroscope structure in accordance with an embodiment of the present invention; 

FIG. 5 shows a highlighted view of a lever of the micromachined 
gyroscope structure in accordance with an embodiment of the present invention; 

FIG. 6 shows a detailed view of an accelerometer suspension flexure in 
accordance with an embodiment of the present invention; 

FIG. 7 shows a detailed view of a movable mass and its related flexures 
and pivot flexures in accordance with an embodiment of the present invention; 

FIG. 8 shows a detailed view of two levers and a fork and their related 
pivot flexures and electrostatic driver in accordance with an embodiment of the 
present invention; 
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FIG. 9 shows a representation of the motions of the various resonating 
structures of the micromachined gyroscope structure in accordance with an 
embodiment of the present invention; 

FIG. 10 shows the coriolis detector switch-overs for the double differential 
5 configuration in accordance with an embodiment of the present invention; 

FIG. 11 shows a detailed view of an electrostatic driver for a movable 
mass in accordance with an embodiment of the present invention; 

FIG. 12 shows a detailed view of quadrature suppression structures in 
accordance with an embodiment of the present invention; 
10 FIG. 13 shows an alternate frame suspension configuration in accordance 

with an embodiment of the present invention; 

FIG. 14 is a schematic diagram showing the conceptual geometry of lever 
and corresponding electrode fingers that are raked back at varying angles to 
accommodate the arcuate motion of the coupling levers in accordance with an 
15 embodiment of the present invention; 

FIG. 15A is a schematic diagram showing an exemplary corner-suspended 
frame using radial spoke suspensions; 

FIG. 15B is a schematic diagram showing an exemplary side-suspended 
frame using radial spoke suspensions; 
20 FIG. 16 demonstrates width variations due to approximations for 

micromachined structures that are orientied diagonally to the rectilinear grid; 

FIGs 17A-D shows a modified spoke suspension in which a flexure is 
connected at one end to the substrate via an anchor and connected at the other 
end to a stress relief flexure which in turn is connected to a frame; 
25 FIG. 18 shows an exemplary box suspension for a corner-suspended frame 

in accordance with an embodiment of the present invention; 

FIG. 19 shows a quarter model of an exemplary micromachined gyroscope 
including a box suspension in accordance with an embodiment of the present 
invention; 
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FIG. 20 shows an exemplary embodiment of the present invention 
including folded corner suspensions, with lever and corresponding electrode 
fingers 2010 raked back at varying angles in accordance with an embodiment of 
the present invention; 
5 FIG. 21 shows an exemplary embodiment of the present invention 

including box corner suspensions in accordance with an embodiment of the 
present invention; and 

FIG. 22 shows the configuration of a self-test electrode in accordance with 
an embodiment of the present invention. 



DETAILED DESCRIPTION OF A PREFERRED EMBODIMENT 



15 In embodiments of the present invention, a micromachined gyroscope 

includes various resonating structures that are suspended within a frame. The 
frame and the resonating structures are typically planar and are suspended with 
anchors and flexures over and parallel to an underlying substrate. The frame is 
suspended in such a way that its motion is severely restricted in all but the 

20 rotational direction about an axis normal to the plane of the substrate 

substantially through the center of mass of the frame. Rotation of the apparatus 
about that axis produces a rotational force on the frame through the effects of 
Coriolis acceleration. This Coriolis acceleration is detected and measured, 
preferably using sensors along all sides of the frame. The resonating structures 

25 are preferably designed so as to reduce extraneous forces on the frame (such as 
translational and rotational forces caused by unbalanced motion of the 
resonating structures) that can be misread as Coriolis accelerations. 

In a typical embodiment of the present invention, the frame, the 
30 resonating structures, the frame suspensions, and other flexures are 

micromachined from a common material (wafer) using a photolithography 
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process that includes masking and etching operations. The masks used to define 
the etching based upon a rectilinear grid. Generally speaking, it is preferably for 
micromachined features to be aligned with the grid rather than set at an angle to 
the grid. 

In embodiments of the present invention, the suspensions for the frame 
ideally permit rotation of the frame about the center of mass within the plane of 
the frame, but are strongly resistant to translation in any axis. Translational 
compliance in the plane of the frame permits both quadrature interference from 
flexure imbalance and sensitivity to linear acceleration. Translational compliance 
out of plane reduces the resistance to z-axis shock (i.e., normal to the plane of the 
frame), permits quadrature from sidewall angle mismatch, and increases cross- 
coupling via flexure of the frame. The suspension should also accommodate the 
intrinsic stress of the micromachined material and stress from external 
accelerations without significant stress stiffening. 

Illustrative embodiments meet the in-plane constraints by suspending the 
frame from simple radial "spokes" placed at the corners of the frame or at the 
middle of the four sides of the frame. FIG. 15A schematically shows an 
20 exemplary corner-suspended gyroscope 1510 having a substantially square 
frame 1511 suspended at its four corners by substantially identical suspensions 
having a flexure 1513 connected at one end to the frame 1511 and connected at 
the other end to a substrate via an anchor 1512. FIG. 15B schematically shows an 
exemplary side-suspended gyroscope 1520 having a substantially square frame 
25 1521 suspended on its four sides by substantially identical suspensions having a 
flexure 1523 connected at one end to the frame 1521 and connected at the other 
end to a substrate via an anchor 1522. The spoke suspensions permit rotation of 
the frame without significant in-plane translation. 



10 
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In preferred embodiments of the present invention, the frame is 
suspended from its corners rather than from its sides. This is because corner 
suspensions tend to result in higher frequency out-of-plane normal modes for the 
frame compared to side suspensions. Among other things, this tends to keep the 
5 operational frequency of the frame clear of other normal modes in order to avoid 
coupling errors in the gyroscope. 

For spoke-type suspensions, out-of-plane translation is substantially 
defined by the aspect ratio of the spoke cross-section. Specifically, the ratio of 
stiffness in and out of plane varies as the square of the ratio of cross sectional 
widths in those directions. Therefore, it is desirable to make the flexures 
narrower in-plane than their thickness out-of-plane. In practice, however, the 
suspension flexures typically have slightly different widths due to variances in 
the micromachining process. This uncertainty in micromachining is exacerbated 
when the features depart from a rectilinear grid used for etching the flexures, as 
is the case for diagonally oriented corner flexures. This is because the etching of 
such diagonally oriented corner flexures using a rectilinear grid typically results 
in flexures that have jagged edges. Furthermore, the resulting flexure may be 
narrower or wider than planned due to approximations used to etch diagonal 
features. 

Moreover, the stiffness of the flexures varies as the cube of their width so 
that small errors in width have an exaggerated effect on stiffness. If the stiffness 
of the flexures are not identical, then the center of suspension of the rotating 
25 frame will not correspond to its center of inertia and, instead of rotating 

smoothly, it will also have a translational tendency (i.e., it will "wobble")- This 
tends to couple the driven mode of vibration directly into the sensing motion and 
produces a large interfering signal. In practice, it is desirable to keep such 
interference below ten or so parts per million of the driven vibration. The 
30 interference is, even at so small a level, comparable with the maximum Coriolis 



15 
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signal. In a typical embodiment of the invention, the width of the flexures is 
around two microns, so the width accuracy requirement is a very difficult 
practical constraint. The mask making process involves translating the working 
drawings onto a rectilinear grid. If the flexures are not aligned with the grid 

5 their outline is made to conform to a near approximation on the grid. There will 
generally be several different acceptable approximations to any given angle and 
the algorithms for generating them are complex. The result is that there is no 
easy way of ensuring that two flexures on the same structure have identical 
widths if they are misaligned with respect to the grid. FIG. 16 demonstrates 

10 width variations due to such approximations for micromachined structures that 
are oriented diagonally to the rectilinear grid. Both approximations have 
alternate grid points on the desired sloping lines and they have the same average 
deviation from those lines, but structure 1620 results in greater effective width 
than structure 1610. 

15 

Another issue with simple, external spokes is their lack of stress relief. It 
is possible to make structural silicon films for micromachining which are both 
very flat and have very low residual stress, but these typically have sporadic 
excessive grain growth which makes them unsuitable for production. 

20 Consequently, a compromise is reached in which the grain growth is well 

controlled but the film has a somewhat higher residual stress, which becomes 
concentrated in the support flexures attached to the substrate anchors. The effect 
of this stress is to stiffen the flexures, raising the resonant frequency of the 
system. In practice, this stress makes the stiffness of such spokes about ten times 

25 greater than it would be otherwise. 

The simple spoke suspensions can be modified to reduce tensile stresses. 
FIG. 17 A shows a modified spoke suspension 1710 in which the flexure 1713 is 
connected at one end to the substrate via anchor 1712 and connected at the other 
30 end to a stress relief flexure 1714 which in turn is connected to the frame 1711. 
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Unfortunately, the spoke suspension 1710 tends to sacrifice translational stiffness 
in order to achieve the relief, thereby sacrificing the null stability of the gyro. 
FIG. 17B shows the effect of shrinkage on the spoke suspension 1710, where the 
decrease in length of the flexure 1713 is reflected in a corresponding bending of 
5 the stress relief flexure 1714. FIG. 17C shows the effect of rotation on the spoke 
suspension 1710, where rotation of the frame 1711 is reflected in a corresponding 
bending of the flexure 1713. FIG. 17D shows the effect of translation on the 
spoke suspension 1710, where translation of the frame 1711 is reflected in a 
corresponding bending of both the flexure 1713 and stress relief flexure 1714. 

10 

In exemplary embodiments of the present invention, a box suspension is 
used to suspend the gyroscope frame at each of its corners. The box suspension 
includes a substantially rectangular (and typically square) array of box flexures. 
These box flexures, which to a large degree determine the stiffness of the box 

15 suspension, are substantially aligned with the rectilinear grid of the 

micromachining masks, as fixed by other critical features in the gyroscope 
resonator such as the fingers and dither flexures. The residual stress in the 
micromachining structural layer is relieved more effectively in the box 
suspension compared to a spoke suspension (by a factor of 1500 in an exemplary 

20 embodiment), and the desired rotational motion is facilitated while the 
undesirable in-plane translations are substantially inhibited by the box 
suspension. 

The box suspension relieves stress by decomposition into orthogonal 
25 components which can be returned to anchors on the center lines of the 

gyroscope. The return is by way of stress relief members micromachined from 
the same sheet of material as the remainder of the gyroscope structure. The 
shrinkage of the stress relief members returning to the anchors substantially 
matches that of the gyroscope frame and relieves stress along the axis of each 
30 stress relief member, that is, perpendicular to the center line with its anchor. The 
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mechanism for achieving this decomposition is preferably a braced box with an 
open corner. The flexural members defining its compliance are substantially 
aligned with the rectilinear mask grid, and the width of the diagonal brace is not 
critical. The box is compliant tangentially, that is parallel to the axis of the brace, 

5 but stiff to motions parallel to the box sides. The elongated members returning 
to the neutral axes are compliant out-of-plane, so additional, short anchored 
flexures are typically used to restrain their ends in two axes while allowing the 
shrinkage which relieves the stress. It should be noted that, although the box 
suspension is preferably substantially square, the box suspension need not be 

10 square, although the ratios of the sides of the box should be substantially the 
same as those of the structure such that a straight line from the center of the 
structure through its corner also passes through diagonally opposite corners of 
the box. 

15 FIG. 18 shows an exemplary box suspension 1800 in accordance with an 

embodiment of the present invention. The box suspension 1800 includes box 
flexures (1814, 1816, 1818, and 1820) in a rectangular array and a wider diagonal 
brace 1830. Flexures at diagonally opposite corners of the array are attached to 
the frame 1811 (i.e., flexures 1818 and 1820 are attached to the frame 1811) and to 

20 the ends of the stress relief members (i.e., flexures 1814 and 1816 are attached to 
the ends of stress relief members 1822 and 1823, respectively). The other ends of 
the stress relief members 1822 and 1823 are anchored on the center lines of the 
structure by anchors 1810 and 1812, respectively. The flexures 1814 and 1816 are 
not joined to each other where they attach to the stress relief members 1822 and 

25 1823. The point in space at the intersection of the axes of flexures 1814 and 1816 
forms a pivot point 1832. When the structural material shrinks, the corner of the 
array (1814, 1816, 1818, 1820) and brace 1830 have a tendency to move toward 
the center of the structure, that is the intersection of the center lines. A good 
stress relief will not inhibit that motion. The motion can be considered to 

30 comprise two components, each towards a center line. The motion towards the 
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center line with anchor 1810 is emulated by the longitudinal shrinkage of 
member 1822 and flexure 1814 as they are made of the same material, so there is 
no differential tendency and that component is not inhibited. The other 
component is not inhibited by flexure 1814 because it is in the direction of low 
5 stiffness for that flexure. Similarly, the other member 1823 and flexure 1816 do 
not inhibit the motions because they match the component toward anchor 1812 
and 1816 is compliant to the other. 

On the other hand, any relative motion of the frame 1811 and the ends of 
10 the stress relief members 1822 and 1823 either parallel to the center lines or radial 
from the center is severely restricted by the brace 1830. The ends of the members 
1822 and 1823 are susceptible to bending away from their preferred positions 
especially as the width of the members is kept small to save the cost of die area. 
Support flexures 1826 and 1828 are provided to prevent this. They are short and 
15 stiff to bending out of plane and do not allow motion along their longitudinal 
axes, but are sufficiently compliant along the axes of the members 1822 and 1823 
to allow substantially uninhibited shrinkage. Their anchor 1824 is at the 
intersection of the members axes so as to prevent differential shrinkage stress 
along the axes of the support flexures. The member anchors 1810 and 1812 are 
20 preferably doubled or elongated in-plane to enhance their torsional stiffness and 
prevent the members from twisting about them. 

The box suspensions permit rotation of the frame 1811 about its center. 
That is, it allows motion tangential to a radius drawn from the center to the 
25 corner of the structure. The required motion is, in practice, only of the order of a 
hundred microradians. This compliance is easily appreciated by considering the 
box to rotate slightly about the pivot point. The geometry is such that the motion 
does not require any of the components of the box to change length, but rather 
only to bend slightly. 

30 
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FIG. 19 shows a quarter model of an exemplary micromachined gyroscope 
including a box suspension in accordance with an embodiment of the present 
invention. The box suspension 1800 suspends the frame 1811 from the stress 
relief members 1822 and 1823, as discussed above. Finger structures 1910 are 
positioned between the frame 1811 and the stress relief members 1822 and 1823. 
Specifically, the frame 1811 includes fingers that extend outward toward the 
stress relief members, and sensing fingers anchored to the substrate are 
interleaved with the fingers of the frame 1811. Each of the stress relief members 
1822 and 1823 is anchored to the substrate using double anchors 1920 and 1930, 
respectively. It should be noted that a substantially identical box suspension 
1800 is positioned symmetrically at each of the four corners of the frame, as 
shown in FIG. 21. 

The resonating structures suspended within the frame 1811 are preferably 
15 designed so as to reduce extraneous forces on the frame 1811 (such as 
translational and rotational forces caused by unbalanced motion of the 
resonating structures) that can be misread as Coriolis accelerations. The present 
invention is not limited to any particular resonating structures. Embodiments of 
the present invention can include one or more of the resonating structures 
20 described below. 

FIG. 1 shows an exemplary micromachined gyroscope structure 100 in 
accordance with an embodiment of the present invention. Micromachined 
gyroscope structure 100 is typically one of many micromachined from a single 
25 silicon wafer. The micromachined gyroscope structure 100 is typically mounted 
to a substrate. The micromachined gyroscope structure 100 is substantially 
symmetrical top-to-bottom along the x axis as well as side-to-side along the y 
axis. 
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FIG. 2 identifies various components of the micromachined gyroscope 
structure 100. Among other things, the micromachined gyroscope structure 100 
includes a substantially square frame 210 that is suspended at its four corners by 
accelerometer suspension flexures 202, 204, 206, and 208. FIG. 3 shows the frame 

5 210 highlighted. On the outside four edges of the frame 210 are fingers 212, 213, 
214, 215, 216, 217, 218, and 219. Various resonating structures are suspended 
within the frame 210. These resonating structures include four movable masses 
220, 222, 224, and 226, four levers 228, 230, 232, and 234, and two forks 236 and 
238. FIG. 4 shows the mass 220 highlighted. It should be noted that the masses 

10 222, 224, and 226 are substantially the same shape, size, and mass as the mass 
220, and are oriented as mirror images of the mass 220 along the x and/ or y axes. 
FIG. 5 shows the lever 228 highlighted. It should be noted that the levers 230, 
232, and 234 are substantially the same shape, size, and mass as the lever 228, 
and are oriented as mirror images of the lever 228 along the x and/ or y axes. The 

15 four movable masses 220, 222, 224, and 226 are suspended from the frame 210 by 
flexures 240, 242, 244, and 246, respectively. Movement of the four movable 
masses 220, 222, 224, and 226 is controlled electrostatically using electrostatic 
drivers 248, 250, 252, 254, 256, 258, 260, and 262. These and other features of the 
micromachined gyroscope structure 100 are described in more detail below. 

20 

The four accelerometer suspension flexures 202, 204, 206, and 208 help to 
control movement of the frame 210 relative to the substrate. The four 
accelerometer suspension flexures 202, 204, 206, and 208 substantially restrict 
movement of the frame 210 along the x axis and along the y axis (i.e., 
25 translational movement), but allow the frame 210 to rotate more freely in either 
direction (i.e., rotational movement). Such rotational movement of the frame 110 
is caused mainly from the Coriolis effect due to movement of the frame of 
reference of the resonating structures. 
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FIG. 6 shows the accelerometer suspension flexure 202 in greater detail. 
The accelerometer suspension flexure 202 is anchored to the substrate at 
locations 630 and 640. The accelerometer suspension flexure 202 substantially 
restricts translational movement of the frame 210, but allows for rotational 
5 movement of the frame 210. The structures 650 and 660 are etch equalizers that 
are used to ensure accurate formation of the other flexure structures. This 
principle is taught in US Patent No. 6,282,960. It should be noted that the 
accelerometer suspension flexures 204, 206, and 208 are substantially the same as 
the accelerometer suspension flexure 202. 

10 

The fingers 212, 213, 214, 215, 216, 217, 218, and 219 extend from the four 
sides of the frame 210. Positioned between the fingers 212, 213, 214, 215, 216, 217, 
218, and 219 are two sets of coriolis detectors. 

15 FIG. 6 shows the relationship between a finger 212 and two coriolis 

detectors 610 and 620. 

The two sets of coriolis detectors 610 and 620 are mechanically coupled to 
the substrate and do not move relative to the substrate. Movement of the frame 
20 210 results in movement of the fingers 212, 213, 214, 215, 216, 217, 218, and 219 
relative to the coriolis detectors, as described below. Movement of the fingers 
212, 213, 214, 215, 216, 217, 218, and 219 relative to the coriolis detectors produces 
a change in capacitance that can be measured by electronic circuitry (not shown). 
This can be done in a variety of ways. 

25 

The two sets of coriolis detectors 610 and 620 are coupled through four 
switch-overs 1010, 1020, 1030, and 1040 in a double differential fashion, as shown 
in FIG. 10. The switch-overs 1010, 1020, 1030, and 1040 substantially cancel 
signals induced electrically from surrounding circuits and signals produced by 
30 translational movement of the frame 210 but substantially amplify signals 
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produced by rotational movement of the frame 210. Specifically, when there is 
translational movement of the frame 210, approximately half of the coriolis 
detectors produce a signal and the other half produce a substantially equal and 
opposite signal, resulting in a net signal of zero. Thus, translational movements 

5 of the frame 210 are substantially canceled out electronically. When there is 
rotational movement of the frame 210, however, all coriolis detectors produce 
complementary signals that, when combined and amplified, represent the 
magnitude of the rotational movement. By placing fingers and coriolis detectors 
on all sides of the frame 210, a larger signal is produced as opposed to a solution 

10 in which fingers and coriolis detectors are placed on only two sides of the frame 
210. 

The resonating structures, including the masses 220, 222, 224, and 226, the 
flexures 240, 242, 244, and 246, the levers 228, 230, 232, and 234, and the forks 236 

15 and 238, are mechanically coupled. With reference again to FIG. 2, the masses 
220 and 222 are mechanically coupled via a pivot flexure 264, and the masses 224 
and 226 are mechanically coupled via a pivot flexure 266. The masses 220 and 
224 are mechanically coupled via the levers 228 and 230 and the fork 236, and the 
masses 222 and 226 are mechanically coupled via the levers 232 and 234 and the 

20 fork 238. The pivot flexures 264 and 266, the levers 228, 230, 232, and 234, and 
the forks 236 and 238 allow the masses 220, 222, 224, and 226 to move together. 

The mass 220 is suspended from the frame 210 by the flexure 240, from the 
mass 222 by the pivot flexure 264, and from the lever 228 by the pivot flexure 
25 268. The mass 222 is suspended from the frame 210 by the flexure 242, from the 
mass 220 by the pivot flexure 264, and from the lever 232 by the pivot flexure 
272. The mass 224 is suspended from the frame 210 by the flexure 244, from the 
mass 226 by the pivot flexure 266, and from the lever 230 by the pivot flexure 
276. The mass 226 is suspended from the frame 210 by the flexure 246, from the 

-17- 



2550-189-265592 (APD2030-4-US) 
08/22/03 



mass 224 by the pivot flexure 266, and from the lever 234 by the pivot flexure 
280. 

The lever 228 is suspended from the frame 210 by the pivot flexure 270, 
5 from the mass 220 by the pivot flexure 268, and from the lever 230 by the fork 
236. The lever 230 is suspended from the frame 210 by the pivot flexure 278, 
from the mass 224 by the pivot flexure 276, and from the lever 228 by the fork 
236. The lever 232 is suspended from the frame 210 by the pivot flexure 274, 
from the mass 222 by the pivot flexure 272, and from the lever 234 by the fork 
10 238. The lever 234 is suspended from the frame 210 by the pivot flexure 282, 
from the mass 226 by the pivot flexure 280, and from the lever 232 by the fork 
238. 

FIG. 7 shows the mass 220 and related components in greater detail. The 
15 mass 220 is suspended from the frame 210 by the flexure 240, from the mass 222 
by the pivot flexure 264, and from the lever 228 by a pivot flexure 268. The 
flexure 240 is preferably formed from three parallel etches, where the center etch 
is unbroken and the outer etches are broken in two places. The outer etches are 
etch equalizers that are used to ensure accurate formation of the center etch. It 
20 should be noted that the masses 222, 224, and 226 and their related components 
are substantially the same as the mass 220 and its related components. 

FIG. 8 shows the levers 228 and 230 and their related components in 
greater detail. The lever 228 is suspended from the frame 210 by the pivot 
25 flexure 270, from the mass 220 by the pivot flexure 268, and from the fork 236 by 
the pivot flexure 820. The lever 230 is suspended from the frame 210 by the pivot 
flexure 278, from the mass 224 by the pivot flexure 276, and from the fork 236 by 
the pivot flexure 830. The fork 236 is suspended from the lever 228 by the pivot 
flexure 820 and from the level 230 by the pivot flexure 830. It should be noted 
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that the levers 232 and 234 and their related components are substantially the 
same as the levers 228 and 230 and their related components. 

The flexures 240, 242, 244, and 246 substantially restrict movement of the 
5 masses 220, 222, 224, and 226 respectively along the y axis, but allow movement 
of the masses 220, 222, 224, and 226 respectively along the x axis. The flexures 
240, 242, 244, and 246 also allow the masses 220, 222, 224, and 226 respectively to 
pivot slightly as they move. 

10 The pivot flexure 264 essentially locks the masses 220 and 222 together so 

that they move together. Likewise, the pivot flexure 266 essentially locks the 
masses 224 and 226 together so that they move together (although oppositely to 
the masses 220 and 222). 

15 The levers 228 and 230, the fork 236, and the pivot flexures 268, 270, 820, 

830, 276, and 278 essentially lock the masses 220 and 224 together so that they 
move in substantially equal but opposite directions. The levers 232 and 234, the 
fork 238, the pivot flexures 272, 274, 280, and 282, and the pivot flexures coupling 
the levers 232 and 234 to the fork 238 (not shown) essentially lock the masses 222 

20 and 226 together so that they move in substantially equal but opposite directions. 

The levers 228 and 230 essentially translate the substantially equal but 
opposite side-to-side motion of the masses 220 and 224 into a substantially linear 
motion of the fork 236 along the y axis. Specifically, the side-to-side motion of 

25 the mass 220 is transferred to the lever 228 through the pivot flexure 268, while 
the side-to-side motion of the mass 224 is transferred to the lever 230 through the 
pivot flexure 276. The levers 228 and 230 pivot at pivot flexures 270 and 278, 
respectively, and at pivot flexures 820 and 830, respectively, to cause the linear 
motion of the fork 236 along the y axis. These transfers cause the masses 220 and 

30 224 to pivot slightly as they move side-to-side. Specifically, the mass 220 pivots 
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slightly toward the mass 222 when moving to the left and slightly away from the 
mass 222 when moving to the right, while the mass 224 pivots slightly toward 
the mass 226 when moving to the right and slightly away from the mass 226 
when moving to the left. 

5 

Likewise, the levers 232 and 234 essentially translate the substantially 
equal but opposite side-to-side motion of the masses 222 and 226 into a 
substantially linear motion of the fork 238 along the y axis. Specifically, the side- 
to-side motion of the mass 222 is transferred to the lever 232 through the pivot 

10 flexure 272, while the side-to-side motion of the mass 226 is transferred to the 
lever 234 through the pivot flexure 280. The levers 232 and 234 pivot at pivot 
flexures 274 and 282, respectively, and at the pivot flexures coupling the levers 
232 and 234 to the fork 238 (not shown), respectively, to cause the linear motion 
of the fork 238 along the y axis. These transfers cause the masses 222 and 226 to 

15 pivot slightly as they move side-to-side. Specifically, the mass 222 pivots slightly 
toward the mass 220 when moving to the left and slightly away from the mass 
220 when moving to the right, while the mass 226 pivots slightly toward the 
mass 224 when moving to the right and slightly away from the mass 224 when 
moving to the left. 

20 

It should be noted that the symmetry of the resonator together with the 
precision of the antiphase motion causes the angular momenta from the pivoting 
motions to cancel and not induce rotation of the accelerometer frame. 

25 FIG. 9 shows the relative movement of the masses 220, 222, 224, and 226 

and the forks 236 and 238. It should be noted that, in actuality, these and other 
resonator structures move extremely small distances, and the arrows are greatly 
exaggerated to show that the masses 220, 222, 224, and 226 move side-to-side and 
pivot. 

30 
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As discussed above, the masses are preferably moved and controlled 
electrostatically using electrostatic drivers. The drive fingers typically work 
longitudinally using interdigitated combs, some moving, and some attached to 
the substrate. The principle is one described by Tang and Howe in US patent 
5 5,025,346. One of the most troublesome side effects of using longitudinal 
electrostatic comb drives for gyroscopes is that small imbalances of the gaps 
between the fingers induce lateral motion as well as the desired longitudinal 
component. This motion has a component with the unfortunate property of 
being in-phase with the Coriolis signal so that, unlike the much larger 

10 quadrature signal, it cannot be rejected by a phase sensitive rectifier. Any 

instability of this in-phase signal becomes directly a gyroscope error. One of the 
most significant ways in which the gaps can become imbalanced is by relative 
motion of the substrate anchor points of the fixed fingers and the moving 
structure. Another is the displacement of the moving structure from external 

15 accelerations. Fortunately, most of these can be made to cancel by careful 

attention to the symmetries of the structure and the drive apparatus. However, 
surface shear distortion of the substrate is particularly difficult to accommodate 
in this way. It is easily caused by variations in package stress induced during 
use and produces both a relative displacement of arrays of fixed fingers and a 

20 rotation of the individual finger anchors. 

In certain embodiments of the present invention, the anchors for pairs of 
antiphase arrays of fixed drive fingers are arranged to be co-linear in the lateral 
direction. In this way, any surface shear of the substrate will not cause them to 

25 move laterally with respect to each other. Also, the anchors are typically laid 
down in pairs joined to each other at the top ends, remote from the substrate, so 
that the tops resist the individual twisting at the substrate end. Furthermore, 
finger busbars are typically attached to the top ends by flexible, folded fingers. 
These provide isolation of the busbar from distortion transmitted by the anchor 

30 pairs and from displacement by shrinkage stresses in the micromachined 
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material. They also serve as drivers, thereby minimizing the loss of drive from 
the isolation measures. The finger attachment means provide about an order of 
magnitude improvement in the gyroscope performance in an exemplary 
embodiment of the invention. 

5 

FIG. 11 shows a detailed view of an electrostatic driver, and, in particular, 
the electrostatic driver 250 for mass 220, in accordance with an embodiment of 
the present invention. The electrostatic driver 250 is micromachined so as to 
form a cavity within the mass 220 that includes two sets of drive fingers 1110 and 

10 1120 that are integral to the mass 220 and two sets of electrode fingers 1130 and 
1140 that are disposed within the cavity and are coupled to the substrate. The 
electrode fingers 1140 fit around and between the drive fingers 1110, and the 
electrode fingers 1130 fit around and between the drive fingers 1120. When a 
voltage is applied to the electrode fingers 1140, the drive fingers 1110 are pulled 

15 toward the electrode fingers 1140, generating a force on the mass 220 toward the 
right. When a voltage is applied to the electrode fingers 1130, the drive fingers 
1120 are pulled toward the electrode fingers 1130, generating a force on the mass 
220 toward the left. Applying voltages alternately to the electrode fingers 1130 
and to the electrode fingers 1140 causes the mass to move back and forth. The 

20 two sets of electrode fingers 1130 and 1140 are preferably anchored to the 
substrate linearly in order to reduce torque produced by surface shear of the 
substrate that can produce torque on the mass 220. It should be noted that the 
electrostatic drivers 248, 252, 254, 256, 258, 260, and 262 are substantially the 
same as the electrostatic driver 250. 

25 

It should be noted that the electrostatic drivers 248, 252, 254, 256, 258, 260, 
and 262 are positioned close to the middle of the micromachined gyroscope 
structure 100 so that most of the mass is away from the center. This increases the 
sensitivity of the micromachined gyroscope structure 100 to Coriolis 
30 accelerations. 
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In an embodiment of the present invention, the levers 228, 230, 232, and 
234 include electrostatic fingers that mesh with a set of electrode fingers that are 
coupled to the substrate. These fingers are preferably used for sensing 
5 movement of the levers as part of a control loop for controlling the electrostatic 
drivers that act directly on the masses, although the fingers could alternatively be 
used as drivers to place forces directly on the levers (e.g., to reinforce the 
movement of the resonating structures). FIG. 8 shows a portion of the 
electrostatic fingers 810 for the levers 228, 230, 232, and 234. The electrostatic 

10 fingers 810 are micromachined so as to form fingers on each lever and a set of 
electrode fingers that are coupled to the substrate. The electrode fingers fit 
around and between the lever fingers. When operating as sensors, the electrode 
fingers sense changes in capacitance caused by movement of the lever fingers 
relative to the electrode fingers. When operating as drivers, a voltage applied to 

15 the electrode fingers pulls the lever fingers toward the electrode fingers, 
generating a force on each lever toward the electrode fingers. 

It should be noted that the resonating structures are preferably driven at 
or near their natural resonance frequency in order to enhance the range of 
20 motion of the resonating structures. This in turn increases the sensitivity of the 
gyroscope. 

It should be noted that, in theory, the various gyroscope structures are 
perfectly balanced so that they move with substantially the same frequency and 

25 phase. In practice, however, the various gyroscope structures are not perfectly 
balanced. For example, the masses 220, 222, 224, and 226 are theoretically 
identical (albeit mirror images in the x and/or y axes), but typically are not 
identical due at least in part to variations in the material and processes used to 
form the masses. Similar imbalances can occur in other gyroscope structures, 

30 such as the various levers, pivots, and flexures. These imbalances can manifest 
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themselves in out-of-phase lateral movements of the masses (referred hereinafter 
to as "quadrature"), and can vary from device to device. The mechanical 
stiffnesses of the structures substantially suppresses these motions, but there is 
some residual quadrature. 

Therefore, electrical quadrature suppression structures are typically used 
to reduce the amount of quadrature. The general principle was taught by Clark 
in US Patent No. 5,992,233. In an embodiment of the present invention, a 
quadrature suppression structure typically includes at least one electrode located 
proximately to a portion of a mass along the direction of motion of the mass. 
When a voltage is applied to the electrode, a resulting electrostatic force 
produces a lateral force that attracts the mass toward the electrode. A single 
electrode is typically associated with each mass, although not all electrodes are 
typically activated. Rather, the quadrature behavior of a particular device is 
typically characterized to determine which (if any) electrodes to activate to 
reduce the quadrature. 

Because the amount of quadrature varies with the movement of the mass, 
it is preferable for the lateral force applied by the electrode to likewise vary with 
20 the movement of the mass. 

One way to vary the lateral force applied to the mass by the electrode is to 
vary the voltage applied to the electrode based upon the position of the mass. 
Specifically, the voltage would be increased as the mass moves outward toward 
25 the frame and would be decreased as the mass moves inward away from the 
frame. Such a solution would be very difficult in practice. 

Another way to vary the lateral force applied to the mass by the electrode 
is to vary the amount of the mass that is adjacent to the electrode based upon the 
30 position of the mass. FIG. 12 shows a detailed view of a quadrature suppression 
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structure 1200 in accordance with an embodiment of the present invention. Two 
electrodes 1210 and 1220 are placed between two adjacent masses 220 and 222, 
specifically in a cavity formed in and by the two masses 220 and 222. The 
electrode 1210 is adjacent to the mass 220, and is capable of applying a lateral 
5 force on the mass 220 in the downward direction. The electrode 1220 is adjacent 
to the mass 222, and is capable of applying a lateral force on the mass 222 in the 
upward direction. In order to vary the amount of lateral force applied by an 
electrode, a notch is formed in each mass. The notch is formed adjacent to a 
portion of the electrode toward the end of the electrode closer to the frame. As 
10 the mass moves outward toward the frame, the length of mass that is directly 
adjacent to the electrode increases, resulting in a larger lateral force applied to 
the mass. As the mass moves inward away from the frame, the length of mass 
that is directly adjacent to the electrode decreases, resulting in a smaller lateral 
force applied to the mass. 

15 

In a typical embodiment of the present invention, a voltage is applied to 
one but not both of the electrodes 1210 and 1220. The electrode to which a 
voltage is applied is typically selected by characterizing the quadrature and 
determining the electrode (if any) that most decreases the quadrature. 

20 

It should be noted that a similar quadrature suppression structure is 
formed between the masses 224 and 226. In order to cancel out static forces, it is 
common to activate one electrode between the masses 220 and 222 and one 
electrode between the masses 224 and 226. 

25 

It should be noted that the position of the quadrature suppression 
electrodes is not limited to a cavity at the juncture between two masses. The 
electrodes can be placed in other positions. The positions of the various 
electrodes should be balanced. The electrodes generally produce a certain 
30 amount of torque on the mass, and the amount of torque depends at least to 
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some degree on the position of the electrode. A small amount of torque is 
generally not a problem. 

In a typical embodiment of the invention, a constant voltage is applied to 
the electrode. This generally produces good results. Alternatively, the voltage 
applied to the electrode can be varied. When done properly, this can result in 
improved quadrature suppression, but at the cost of increased complexity. 

Although FIGs. 1 and 2 show the accelerometer suspension flexures 202, 
204, 206, and 208 positioned at the four corners of the frame, it should be noted 
that the present invention is not limited to such positioning of accelerometer 
suspension flexures. Rather, accelerometer suspension flexures can be 
positioned at various points along the frame. The accelerometer suspension 
flexures preferably restrict translational movement of the frame while allowing 
rotational movement of the frame about the center of mass. This can be 
accomplished by positioning the accelerometer suspension flexures such that the 
linear axis between each pair of opposing accelerometer suspension flexures 
passes through the gyroscope's effective center of mass. 

Various aspects of the present invention are described in greater detail in 
attachment pages A-l through A-9 of the provisional applications incorporated 
by reference above. 

In an alternate embodiment of the present invention, the accelerometer 
suspension flexures are placed at the middle of the four sides of the frame rather 
than at the four corners of the frame. FIG. 13 shows an alternate frame 
suspension configuration in accordance with an embodiment of the present 
invention. In this embodiment, four accelerometer suspension flexures 1304, 
1306, 1308, and 1310 are placed at the middle of the four sides of the frame 1302. 
There are certain production advantages to such a placement of the 
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accelerometer suspension flexures. Specifically, certain etching equipment 
produces etches based upon a rectilinear grid, so it is easier to produce features 
that are aligned with the grid (as the side-positioned flexures would be) 
compared to features that are set at an angle to the grid (as the corner-positioned 
5 flexures would be). The corner-positioned flexures are also not particularly 
space efficient. 

With reference again to FIG. 2, it can be seen that the levers 228, 230, 232, 
and 234 move with substantially arcuate motions. Therefore, the interdigitated 

10 lever fingers mesh with the electrode fingers at different angles along its length, 
depending on the radius from the pivot points 270, 278, 274, and 282 of the levers 
228, 230, 232, and 234, respectively. Therefore, in order to prevent the moving 
fingers from excessive lateral motion with respect to a fixed, interdigitated comb, 
the fingers may be raked back at varying angles as dictated by the geometry of 

15 the levers. 

FIG. 14 is a schematic diagram showing the conceptual geometry of lever 
and corresponding electrode fingers that are raked back at varying angles to 
accommodate the arcuate motion of the coupling levers in accordance with an 

20 embodiment of the present invention. FIG. 20 shows an exemplary embodiment 
of the present invention including folded corner suspensions, with lever and 
corresponding electrode fingers 2010 raked back at varying angles in accordance 
with an embodiment of the present invention. FIG. 21 shows an exemplary 
embodiment of the present invention including box corner suspensions, with 

25 lever and corresponding electrode fingers 2110 raked back at varying angles in 
accordance with an embodiment of the present invention. 

A similar issue exists with the accelerometer frame and the sensing fingers 
placed around its periphery, since the accelerometer frame is adapted to rotate. 
30 Therefore, the sensing finger could likewise be raked back at varying angles. 
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However, the rotation of the accelerometer frame is typically much less than the 
rotation of the levers (perhaps 1/ 100,000 th ), so such raking is typically not used 
for the sensing fingers. 

5 Certain embodiments of the present invention include structures for 

testing g-sensitivity while still in wafer form, without having to assemble the 
device and perform mechanical testing. The structures are typically balanced 
across the center line of the gyroscope, and are used to place forces on the frame 
for detecting imbalances in the suspensions and other components. FIG. 21 

10 shows exemplary structures for testing g-sensitivity in accordance with an 

embodiment of the present invention. The structures include, at one side of the 
frame 1811, a bracket 2140 connected to the frame 1811 and an opposed pair of 
electrodes 2141 and 2142, and at the opposite side of the frame 1811, a bracket 
2150 connected to the frame 1811 and an opposed pair of electrodes 2151 and 

15 2152. Placing an electrical potential on the electrodes 2141 and 2152 places a 
downward force on the frame 1811, while placing an electrical potential on the 
electrodes 2142 and 2152 places an upward force on the frame 1811. These forces 
are produced on the frame while monitoring the null output of the gyroscope 
produced through the sensing fingers 2160. An imbalance will generally show 

20 up as a shift in the null output of the gyroscope. 

In the embodiment shown in FIG. 21, space is made for the brackets 2140 
and 2150 by using fewer but longer sensing fingers 2160 placed in clusters near 
the corners of the frame. By using longer fingers, the fingers 2160 have 

25 substantially the same overlap area as the sensing fingers of an embodiment 

shown in FIG. 2 or FIG. 20, and therefore produce substantially the same output 
signal. By using fewer fingers, there are fewer anchors to the underlying 
substrate. Anchors are a significant source of capacitance. Capacitance 
determines, to a large degree, the noise gain of the input amplifier. One 

30 advantage of having fewer anchors is that there is generally lower noise gain of 
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the input amplifier compared to an embodiment having a larger number of 
anchors. 

This configuration of sensing fingers 2160 also makes room for self-test 
5 electrodes to be located outside of the frame 1811. Self-test fingers are typically 
used to test the gyroscope, specifically by placing various forces on the frame so 
that the operation of the gyroscope can be tested. In the embodiment shown in 
FIG. 20, self-test electrodes 2020 (four on each of two opposite sides of the frame) 
are integral to the frame itself. Among other things, this saves space, but makes 
10 the frame thicker that it might otherwise need to be. In the embodiment shown 
in FIG. 21, self-test electrodes 2120 (for on each of two opposite sides of the 
frame) are outside of the frame 1811. Among other things, this allows the frame 
to be thinner than in the embodiment shown in FIG. 20. A thinner frame 
generally has less inertia, and therefore provides more sensitivity, than a thicker 
15 frame. 

FIG. 22 shows the configuration of a self-test electrode 2120 in accordance 
with an embodiment of the present invention. The electrode includes a finger 
2210 coupled to the frame 1811, drive fingers 2220 that are anchored to the 

20 substrate, and a shield 2230 substantially surrounding the finger 2210 and the 
drive fingers 2220. The frame 1811, finger 2210, and shield 2230 are typically 
maintained at the same potential. The drive fingers 2220 are set to a different 
potential to cause a force to be placed on the finger 2210 and, therefore, on the 
frame 1811. Among other things, the shield 2230 produces a "f ringing field 7 ' 

25 substantially equal to that of the electrostatic drivers that drive the vibrating 
masses in order to produce a well-defined force on the frame 1811 that can be 
used to test and calibrate the gyroscope. 

In embodiments of the invention shown in FIG. 2 and FIG. 20, the forks 
30 236 and 238 and their surrounding structures form empty rectangular areas. In 
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certain embodiments of the present invention, trim electrodes are formed within 
these areas. FIG. 21 shows trim electrodes 2130 (four altogether) formed in those 
areas. The trim electrodes are typically used to cancel various interference 
signals, specifically by placing an electrical potential on one or more of the trim 
electrodes (if and as needed). The configuration of the trim electrodes 2130 are 
substantially the same as the configuration of the self-test electrodes 2120 shown 
in FIG. 22. 

The gyroscope is typically produced by depositing an oxide layer 
(approximately 2um thick) on top of a substrate (approximately 600 um thick), 
using photolithography on the oxide layer to produce holes at desired locations 
(and particularly at locations where the micromachined gyroscope structure 100 
is to be coupled to the substrate), depositing a polysilicon layer (approximately 4 
um thick) over the oxide layer which forms a thin film that bonds to the substrate 
through the holes in the oxide, using photolithography on the polysilicon layer 
to produce the complex structures of the micromachined gyroscope structure 
100, and removing the oxide layer using hydrofluoric acid. Thus, the resulting 
micromachined gryoscope structure 100 is suspended approximately 2 um above 
the substrate. It should be noted from the various drawings that the 
micromachined gyroscope structure 100 has a large number of holes, particularly 
in the masses 220, 222, 224, and 226, the levers 228, 230, 232, and 234, and the 
frame 210. These holes are formed in the micromachined gyroscope structure 
100 in order to allow the hydrofluoric acid to flow sufficiently through to the 
oxide layer. If such a micromachined gyroscope structure 100 was placed in a 
vacuum, the micromachined gyroscope structure 100 would typically be 
extremely fragile and would typically have a high resonance frequency that 
tends to ring. By operating the micromachined gyroscope structure 100 in air, 
the air cushions the micromachined gyroscope structure 100 and reduces ringing. 
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It should be noted that a micromachined gyroscope of the present 
invention typically operates in air rather than a vacuum. Operation in air has a 
number of advantages and disadvantages. On one hand, air tends to impede the 
motion of moving components due to viscous damping resulting in smaller 
output signals, tends to give a phase shift that spoils synchronous rectification, 
and tends to cause noise due to the impact of air molecules (brownian motion) 
resulting in reduced signal-to-noise ratio. On the other hand, however, 
operation in air enables the micromachined gyroscope to be a thin film structure, 
provides air cushioning that makes the thin film structure rugged, and eliminates 
the need for hermetic sealing of the gyroscope package resulting in a lower 
overall cost of the final product. 

The present invention may be embodied in other specific forms without 
departing from the true scope of the invention. The described embodiments are 
to be considered in all respects only as illustrative and not restrictive. 

Thus, the present invention is in no way limited to such things as the 
shape and size of the frame, the shape and size of the resonating structures 
(including masses, levers, forks, flexures, and pivot flexures), the number of 
movable masses, the manner in which the resonating structures are mechanically 
coupled, the number of fingers used for detecting Coriolis accelerations, the 
manner in which the coriolis detectors are electrically coupled, the manner in 
which the resonating structures are driven, and the materials and manner in 
which the gyroscope is produced, among other things. 
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